Littorina brevicula is one of the most common gastropods in the intertidal-supralittoral zone around Japan. 13 The northernmost population of this species is around Hokkaido, and the determinant of this northern limit is 14 likely seawater and air temperature. To reconstruct an evolutionary history of this species, we investigated 15 genetic differentiation among 12 populations (three from Hokkaido, six from Honshu and three from Kyushu) 16 using a mitochondrial DNA marker (partial sequence of the NADH dehydrogenase 6 gene). The haplotype 17 network showed shallow genetic divergence within the species, suggesting a bottleneck followed by 18 population expansion. One major haplotype that occurred in 70.5% of all individuals examined was the most 19 frequent in every population sampled. A second major haplotype was abundant around Kyushu but not found 20 in Hokkaido. This skewed haplotype distribution resulted in significant genetic differentiation along the 21 north-south axis of Japan. The importance of the southern clade, which included the second major haplotype, 22
was supported by population analyses of datasets that excluded either the southern clade or the northern clades. 23
The north-south differentiation remained when datasets were analyzed that excluded the northern clades, but 24 disappeared when datasets were analyzed that excluded the southern clade. The combined evidence of shallow 25 divergence and the north-south population structure suggests that the L. brevicula population around Japan 26 once declined and then expanded and colonized northward. Although the time of population reduction and 27 re-colonization could not be precisely estimated, the observation that this species is absent further north in 28 Japan suggests that it would have been unable to survive in northern Japan during the last glacial maximum 29 (LGM) and therefore re-colonization likely occurred after the LGM, probably from south to north. 30
Many species in the northern hemisphere probably underwent changes to their distribution as a result of strong 34 influence from climate oscillation during glacial periods, particularly in the last glacial maximum (LGM) that 35 lasted until around 20,000 years ago and in the subsequent rapid warming. Such distributional changes can be 36 detected by phylogeographic investigations using suitable molecular markers (Hewitt, 2000) . The coastal 37 ecosystem was considerably influenced by the LGM and thus various species exhibit genetic evidence of rapid 38 expansion and/or colonization, probably occurring in the post-glacial period. Examples include the near-shore 39 fish Syngnathus leptorhynchus (Wilson, 2006) Around Japan, glacial effects on intertidal molluscs have been suggested in Batillaria cumingi (Kojima et al., 43 2004) and Cellana nigrolineata (Nakano, Sasaki & Kase, 2010). However, the more stable temperature of the 44 ocean compared to that of the land allowed some coastal species to maintain their genetic diversity during 45 glacial maxima. Furthermore, the glacial effects sometimes varied within a single species, resulting in a 46 complex population genetic structure, as in Littorina saxatilis, in which some populations seemed to have 47 colonized following climate change, while others maintained diversity during a long continuous history 48 (Panova et al., 2011) . Such a spatially variable effect within a single species has also been suggested for 49 Nucella ostrina and N. lamellosa (Marko et al., 2010) . The variable genetic consequences of the LGM 50 between or within species are probably due to specific ecological characteristics of each species, i.e. 51 distribution range, habitat, life cycle and abundance, and also to area-specific physical effects of climatic 52 oscillation such as temperature and sea-level change. 53 In addition to the effects of climate oscillations over paleontological time scales, genetic population 54 structure within a species is affected by contemporary gene flow. Populations of marine species are often 55 weakly structured (i.e. show a low level of differentiation among local populations and/or weak correlation 56 between geography and genetic differentiation) over the species' range (Palumbi, 1994), due to a high level of 57 gene flow caused by active and passive dispersal. In invertebrates that generally showed poor active mobility, 58 gene flow has been thought to be largely affected by the developmental mode and the length of the planktonic 59 larval period, and colonization and contemporary gene flow in marine species are generally mediated by larval 60 dispersal along ocean currents (Palumbi, 1994; Tsang et al., 2008) . Recently, larval dispersal has been 61 revealed to be less crucial for determining the genetic structure of marine species than previously supposed 62 (Marko, 2004; Weersing & Toonen, 2009 ), although it remains an important factor. A comparative study of 63 two planktonic-and two direct-developing Littorina species suggested that planktonic larval dispersal reduced 64 genetic differentiation between local populations (Kyle & Boulding, 2000) . In their analyses, 65 planktonic-developing species (Littorina scutulata and L. plena) showed very low levels of genetic 66 differentiation among local populations, while the direct-developing L. subrotundata showed higher 67 structuring with larger differentiation between localities. Subsequent research revealed that direct-developing 68
Littorina species showed spatial rather than temporal differentiation, and that planktonic-developing species 69 showed the reverse, due to sweepstakes-like reproductive success (Lee & Boulding, 2009). These studies 70
show that Littorina is a good model in which to investigate the relationships between genetic population 71 structure, larval dispersal, and historical factors in marine coastal species. 72
Littorina brevicula occurs in the littoral fringe of the temperate coast of the northwestern Pacific. Its 73 range extends from Hong Kong to Peter the Great Bay along the continental coast of Asia and from Okinawa 74 to Hokkaido along the Japanese Archipelago (Reid, 1996; Okutani, 2000) . On the central to northern Japanese 75 coast, L. brevicula is one of the most common snails, occurring in dense aggregations on rocky and boulder 76 shores and on artificial constructions such as breakwaters, tetrapods and slipways. However, it is scarce along 77 the southeastern coast of Hokkaido, which is under the influence of a cold current (Ohgaki, 1983) . The 78 spawning season is January to April around Japan and Korea (Kojima, 1957; Son & Hong, 1998) . The egg 79 capsule is pelagic and the veligers hatch about 7 days after spawning (Son & Hong, 1998) . The total length of 80 the planktonic egg and larval period is several weeks (Golikov, 1976) . Such a long planktotrophic period is 81 expected to lower the genetic differentiation between local populations of L. brevicula (Reid, 1996) . 82
Nevertheless, a spatial genetic structure could potentially be found if samples from a wide geographic range 83 were investigated using highly variable molecular markers (Palumbi, 1994) . The fine details of genetic 84 structure across a wide area may provide knowledge about the effects of environmental change on coastal 85 species on a paleontological scale. 86
Several studies of population genetics in L. brevicula using allozyme variation appeared in the 1990s (e.g. 87 Zaslavskaya, Sergievsky & Tatarenkov, 1992; Tatarenkov, 1995; Park et al., 1999; Zaslavskaya & Takada, 88 1998), and some of these studies reported genetic differentiation among samples. This was variously attributed 89 to reduced gene flow between distant populations (the east and west coasts of the Sea of Japan; Zaslavskaya & 90 Takada, 1998), the effect of heavy metal pollution (Park et al., 1999) , and possible local selection on specific 91 genes (Tatarenkov, 1995) . Since these studies did not aim to clarify the total phylogeography of L. brevicula 92 throughout the distribution range, they provided little information about hierarchical genetic structure among 93 populations. Nevertheless, Zaslavskaya & Takada (1998) In this study, we investigated the genetic structure among populations of L. brevicula in its the main 101 distribution area around Japan, from Hokkaido to Kyushu (Fig. 1 ). These populations span approximately 102 2,500 km, and experience considerably different climatic conditions, therefore we expected to observe genetic 103 structure. We chose the mitochondrial NADH dehydrogenase 6 gene (ND6) as a genetic marker, because this 104 region has previously been shown to be more polymorphic than the commonly-used cytochrome-b in L. diversity (π) in each population and to calculate pairwise F ST (Weir & Cockerham, 1984) . Genetic distance 144 between populations based on the pairwise F ST was visualized on a two-dimensional surface by nonmetric 145 multidimensional scaling (nMDS) plotting using statistical software R v. 2.9.0 (R Development Core Team, 146 2005). To assess geographic-genetic correlation, the isolation-by-distance (IBD) model (Wright, 1943) was 147 tested using Arlequin 3.1. For the IBD test, the matrix of geographic distances along the coastline between 148 sampling sites was compared with the F ST matrix, and the significance of the correlations was evaluated using 149 the Mantel test with 10,000 permutations. 150
To test the significance of the hierarchical population structure, analysis of molecular variance (AMOVA; When we detected significant genetic structure, we evaluated the effect of each clade (haplotype group 162 derived from the most abundant haplotype shown in Figure 3 ) on population structure by preparing virtual 163 datasets for population analyses, performing an IBD test, estimating pairwise F ST , and conducting AMOVA 164 using these datasets. Datasets were individually modified by excluding an area-restricted clade (haplotype 165 groups connected to each other in a haplotype network; Fig. 3 ) and then used to test whether or not the 166 structure appeared. If we found that the structure was lost when a certain clade was excluded from the 167 modified dataset, we would know that the excluded clade was essential for the structure. 
Genealogy and distribution of haplotypes 187
A total of 78 haplotypes were detected. LbN6AB03 was the most abundant haplotype, occurring in 381 188 individuals (70.5% of all individuals examined in the present study). This haplotype was also the most 189 frequent in all populations, and was located at the centre of the haplotype network (Fig. 3) . The second most 9 frequent haplotype, LbND6OT02, occurred in 44 individuals (8.1% of all individuals examined) from Honshu 191 and Kyushu, and the third, LbND6AO10, occurred in 10 individuals from Honshu and Hokkaido. Other 192 haplotypes occurred in less than 9 individuals, and 65 haplotypes were private, i.e. found exclusively in a 193 single population (see Supplementary Data). Given that nucleotide divergence between LbN6AB03 and 194 LbN6OT02 was 0.22% per site, the time of divergence was estimated as 89 thousand years ago (kya). The 195 largest number of nucleotide substitutions observed was six, 1.33% per site. 196 Several clades appeared in the haplotype network. Six of the clades were found only in Hokkaido and 197 Honshu (northern clades), and one only in Honshu and Kyushu (a southern clade). The rest of the clades 198 appeared in Hokkaido, Honshu and Kyushu, or only in Honshu (middle clades). Some of the following 199 analyses employed modified datasets that excluded the northern clades or the southern clade, to evaluate the 200 importance of these clades in creating the significant genetic structure that we detected. 201 202 Genetic population structure 203
As shown in Table 1 , h in each population ranged from 0.199 for USJ to 0.677 for MKR, and π ranged from 204 0.0004 for USJ to 0.0025 for URG. The mean diversities of each population were 0.304 (h) and 0.0009 (π) in 205 Hokkaido, 0.546 (h) and 0.0018 (π) in Honshu, and 0.503 (h) and 0.0013 (π) in Kyushu. Although these 206 diversity indices seemed highest in Honshu followed by Kyushu and Hokkaido, no significant differentiation 207 between these three areas appeared in the Kruskal-Wallis test for both h (χ2 = 4.5256, df = 2, P = 0.104) and π 208 (χ2 = 3.2488, df = 2, P = 0.197). 209
The pairwise F ST values between Hokkaido and Kyushu populations was always higher than 0.07 and 210 always was significantly different from 0, whereas none of the pairwise values from population comparisons 211 within Hokkaido and Kyushu were significant (α = 0.01; Table 2 ). These results indicated a north-south 212 genetic differentiation in this species. The HCH population in Honshu, which did not include haplotypes from 213 the southern clade, showed a significant difference from populations in Kyushu and the URG population. The 214 nMDS plot based on F ST indicated that genetic distance was correlated with a spatial distribution at the region 215 (island) level ( Fig. 4 (A) ). On the two-dimensional plot, Hokkaido populations were on the left, Kyushu on the 216 right, and Honshu in the middle. However, the relationship among populations within each region did not 10 always follow this genetic-geographic trend. 218
The DNA sequences of Honshu populations did not follow the spatial pattern. FKU, the northernmost 219 among Honshu populations, appeared closest to the Kyushu populations, while HCH, the second northernmost 220 population, was genetically closer to the Hokkaido populations than to the other Honshu populations. The 221 OSK population, the southernmost in Honshu, was genetically close to populations in Hokkaido and not to 222 those in Kyushu. The reason for this variance from an IBD model will be discussed later. 223
The Mantel test showed a significant correlation between genetic (F ST ) and geographic distance (P<0.01), 224
indicating that the set of study populations of L. brevicula followed an IBD model. 225
As shown in Table 3 , AMOVA supported hierarchical population structure clustering (1) comprising 226
Hokkaido, Honshu and Kyushu, and (2) comprising Hokkaido+HCH, Honshu (except HCH) and Kyushu, (P 227 = 0.001 and 0.000, respectively). However, the AMOVA did not support the structure of clustering (3) that 228 comprised two groups-the Sea of Japan and the Pacific Ocean (P = 0.762)-indicating that the west and east 229 sides of the Japanese Archipelago could not be separated by their genetic profiles. In each clustering, the 230 variance component was the highest in the category of "within a population" and much higher than "among 231 groups" or "among populations within a group" because of the relatively high genetic diversity in each 232 population and the genetic similarity between populations due to the high frequency of LbN6AB03 in every 233
population. 234
When the significance of the northern clades and the southern clade was tested using modified datasets, it 235 appeared that the southern clade was essential for population structure. While the unmodified original dataset, 236 the six modified datasets that each excluded one of the six northern clades, and a dataset that excluded all 237 northern clades all showed significant IBD correlations (P<0.01), the genetic-geographic correlation was not 238 significant (P=0.840) when a modified dataset that excluded the southern clade was used. Further the nMDS 239 plot based on pairwise F ST values showed no genetic structure for the modified dataset that excluded the 240 southern clade ( Fig. 4 (B) ). The significance of the hierarchical structure of [Hokkaido+HCH], [Honshu 241
except HCH] and [Kyushu] was supported by the lowest P-value (0.000) in AMOVA with the unmodified 242 dataset. Table 3 shows the results of analyses on modified datasets testing this structure where all six northern 243 clades were excluded ((2a), significant with P = 0.000) and where only the southern clade was excluded ((2b), not significant with P = 0.679), indicating the importance of the southern clade as the determinant of the 245 north-south structure of L. brevicula populations around Japan. 246 247
Demographic history 248
The MMD analysis with pooled populations showed that the observed frequencies of haplotype difference did The haplotype distribution of Littorina brevicula showed a population genetic structure with north-south 263 differentiation. As expected from the planktotrophic developmental mode of L. brevicula (Reid, 1996) , genetic 264 differentiation between geographically close populations is not significant, and significant genetic 265 differentiation observed between distant populations agreed with the results of Zaslavskaya & Takada (1998) . 266 The correlation of geographic and genetic distance was statistically significant in the isolation-by-distance 267 (IBD) test, and the north-south structure was supported by both AMOVA and F ST analyses. The deviation 268 from IBD within the Honshu group ( Figure 4A which is on Honshu where it is less affected by these warm currents, did not include the haplotypes 287 characteristic of the southern clade. We argue below that gene flow by passive dispersal along ocean currents 288 was an important factor for the colonization of L. brevicula on a paleontological time scale. Surprisingly, 289 contemporary gene flow mediated by currents has not been strong enough to establish uniform or panmictic 290 populations throughout the distribution of L. brevicula; the southern clade has not reached Hokkaido from 291 Kyushu even though it has been 20 ky since the LGM. 292 AMOVA failed to find east-west genetic differentiation, a result that may be attributable to the 293 remarkable north-south differentiation; the high variation within the east and west groups, which corresponds 294 to a north-south difference, hindered any statistical significance for east-west differentiation in AMOVA, 295 based on the analysis of variance. Additionally, the frequency of the southern clade within each population 296 was similar across Honshu Island, as shown in Figure 5 , indicating that east-west differentiation was 297 fundamentally small. In fact, pairwise F ST was 0.000 between CHO and OBM, which are at a similar latitude on the east and west coasts of Honshu Island respectively. 299
300

A glacial effect on Littorina brevicula populations inferred from population genetics 301
We inferred the glacial effect following the flow chart in Figure 2 population can be a good way to detect the direction of colonization, as the sequential founder effect likely 310 caused lower diversity in newly established populations. The southern refugia is plausible for species in the 311 temperate zone of the northern hemisphere (Hewitt, 2000) , and the southern refugia often caused post-glacial 312 colonization to trend northward and likely resulted in higher diversity in southern than in northern 313
populations. 314
Testing the determinants in the flow chart in Figure 2 , the presence of step 1 (Genetic difference between 315 local populations) and step 2 (Populations with genetic-geographic correlation) were supported by pairwise 316 F ST , IBD and AMOVA, and we assumed that the genetic-geographic pattern of L. brevicula was basically 317 shaped by natural evolution and distribution during the paleontological time scale. Since step 3 (Deep 318 genealogy of haplotypes) was absent, we assumed that recent population expansion probably occurred after 319 the LGM. Significant deviation from neutral evolution indicated by Fu's F and Tajima's D as well as MMD 320 analysis confirmed recent population expansion.
Step 4 (North-south differentiation) was present, and step 5 321 (Higher diversity in the south) could not be proved by statistical analyses, although the mean of diversity 322 indices are lowest in Hokkaido compared to Honshu and Kyushu. 323
Though the glacial effect was highly possible, northward post-glacial colonization could not be directly 324 supported by genetic evidence. The skewed frequency of the southern clade, however, which appeared as a 14 key factor in the north-south structure, suggested northward colonization. The fact that the highest proportion 326 of the southern clade was found at MKR (which faces the point of east-west separation) and that the 327 proportion of the southern clade decreased in a similar pattern along both the east and west sides of the 328 Japanese Archipelago (Fig. 5) indicated a gradual colonization of the southern clade to the north in a stepwise 329 manner. Since the northern population of L. brevicula likely declined with a decline in air and seawater 330 temperatures, it is possible to assume that a shift in the distribution of L. brevicula occurred during glacial and 331 post-glacial periods. Following the decline in temperatures, the northern range of this species trended south, 332
and it seems that a bottleneck effect left only a single haplotype, LbN6AB03, around Honshu. An additional 333 haplotype, LbN6OT02, survived in the southern area of the Yellow Sea, where temperatures were higher than 334 around Hokkaido or Honshu. In the present study, genetic diversities in Hokkaido populations tend to be 335 lower than those in Honshu populations, though the differences cannot be statistically significant due to the 336 low number of examined Hokkaido populations. This tendency, plus the direction of the ocean currents and 337 the ecological character of L. brevicula as described below, implies that this species was absent around 338
Hokkaido during the glacial period and recovered during the post-glacial colonization. The hypothesis of glacial effects and post-glacial colonization inferred from phylogeography is also supported 353 by ecological and paleontological perspectives of L. brevicula around Japan. Fossil records suggest that the 354 speciation event of L. brevicula occurred no later than the upper Pliocene, and molecular phylogeny suggests 355 that the divergence between L. brevicula and L. mandshurica occurred by the lower Pleistocene at the latest 356 (Reid, Dyal & Williams, 2012) . The species should therefore have a long history, but the genetic genealogy of 357 the extant population at present was shallow, indicating that the population declined in the upper Pleistocene. 358
Probably only two mitochondrial lineages (LbN6AB03 and LbN6OT02) remained after the latest bottleneck 359 event, which was likely associated with glacial cooling. Generally, temperature is arguably the most critical 360 factor determining the geographical distribution of species (e.g., Raffaelli & Hawkins, 1996) . Considering the 361 temperature range in which extant populations are currently found, the low temperatures during glacial 362 periods can be expected to have been severe for the survival and reproduction of L. brevicula around northern 363 Japan. Though the lower temperature limit for the reproduction of L. brevicula has not been reported, it is 364 probably 3 -5 °C given that this species is rare along areas of the Pacific coast under the influence of the cold 365 Kuril Current but abundant on the Sea of Okhotsk coast of Hokkaido (Ohgaki, 1983; Azuma & Chiba personal 366 observation). Since low seawater temperature likely determines the present northern limit of L. brevicula in 367
Hokkaido, it is safe to assume that there were no L. brevicula around Hokkaido during glacial periods and that 368 post-glacial colonization formed the extant Hokkaido populations. 369 We could not find higher genetic diversity in Kyushu, the southern area, as mean diversity indices in each 370 population were estimated to be higher in Honshu than Kyushu (Table 1) . This might be attributable to 371 population decline around Kyushu in recent years. Although both haplotype and nucleotide diversity at the 372 southernmost sampling point (MKR) was the highest among all examined populations, L. brevicula is not 373 common there at present, suggesting that conditions are no longer optimal and might possibly be too warm for 374 this species. The upper limit for spawning was reported to be 13 °C (Son & Hong, 1998) , and high seawater 375
temperatures around Kyushu, ordinarily greater than 15 °C even in January, may also limit the reproduction of 376 L. brevicula and may have caused population decline and a reduction in genetic diversity in this area after 377 post-glacial colonization. Since genetic diversity in Kyushu was probably higher in the past (long after the 378
LGM and that subsequent northward post-glacial colonization resulted in higher genetic diversity in the south 380 than in the north. Haplotype frequency (number of individuals which showed the haplotype) of partial ND6 in each populations. Haplotype name is abbreviated as LbN6SS18 into SS18.
SS18 SS25 SS26 SS28 SS37 SS38 SS44 SS47 AB03 AB13 AB15 AB21 AB23 AB25 AB29 AB32
1. SSB UJ03 UJ33 UJ36 AO09 AO10 AO11 AO17 AO22 AO41 AO46 HH08 HH18 HH22 HH24 HH41 HH47
Total 1 1 1 1 10 1 1 1 5 1 2 1 1 1 2 1 OB05 OB11 OB12 OB26 OB27 OB35 CH07 CH09 CH10 CH20 CH25 CH26 CH28 CH29 CH34 CH46 
12. 
MKR
